Inverse Gas Chromatography (IGC) is an established technique for the determination of the surface energy heterogeneity of various types of materials, including particulate and fibrous materials. However, variability in sample and column preparation may lead to low reproducibility of data. In this work, the influence of two aspects of chromatographic column preparation; the amount of silanised glass wool and the packing structure of mixtures of particulate materials, on IGC measurements were investigated using a combined experimental and modelling approach. In silico experiments were used to examine these factors for a range of materials with different surface energy. We report here, that the packing structure of particulate materials in the column does not significantly affect the measurements and the results.
Introduction
Surface energy, arising from the molecular force imbalance on the surface of a solid material, 1 appears to be of high importance for certain applications. In particular, as the ratio of surface area to volume in a particular system increases, the effect of surface energy becomes more prevalent, 2 since surface properties (depending on the surface area) overcome the effects of bulk forces (depending on volume). Depending on the nature of the material and their applications, surface energy may inuence different properties of interest. Surface energy determines the catalytic properties of materials used in industrial processes. [3] [4] [5] It also inuences the mechanical properties of industrially relevant materials [6] [7] [8] like carbon nanotubes and it also seems to be important in biological membranes. 9 Surface energy inuences, also, a wide range of phenomena of particular importance in powder handling industries (pharmaceutical, dairy etc.) including cohesion, 10, 11 compactability, 12 agglomeration and deagglomeration, 13, 14 and wetting. 15, 16 Surface energy measurements can also be used to determine the crystallinity of materials of interest.
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Thomas Young, in his pioneering work on the cohesion of uids, 18 made the following statement: "It is necessary to premise one observation, which appears to be new, and which is equally consistent with theory and with experiment; that is, that for each combination of a solid and a uid, there is an appropriate angle of contact between the surfaces of the uid exposed to the air, and to the solid". This paragraph outlines the rst coherent method for the determination of the surface energy of a solid using a reference liquid. In the principles stemming from Young's work, various experimental techniques were developed.
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However, when it comes to surface energy measurements of particulate materials, especially crystalline solids, these wettability-based techniques are fundamentally inadequate to offer accurate measurements. The surface of crystalline particles comprises of planes called facets. Each of these facets carries a different surface energy depending on the functional groups exposed. 26, 27 Thus, crystalline particles are inherently energetically anisotropic. It is obvious that, at a higher level, a population of energetically anisotropic particles exhibit surface energy heterogeneity. Thus a single value is inadequate in characterising the surface energy of the population, and an energy distribution is necessary to accurately describe crystalline solids.
In this context, Inverse Gas Chromatography (IGC) emerged in the mid-70's 28, 29 as an attractive technique for the characterisation of the particulate materials. The fundamentals of this technique have been outlined extensively in other works. 30 The most important feature of this technique is that, in its nite dilution mode, it produces a surface energy map showing the value of surface energy measured at a variety of surface coverages. These maps can then be used in conjunction with computational models to enable the construction of surface energy distributions describing the surface energy heterogeneity.
Today, IGC is widely used in both academia and industry, contributing to the characterisation of different materials. However, cases exist where different researchers record different data for the same material. Similarly, cases also exist where researchers raise questions regarding the effect of packing on data and corresponding results. In the literature, detailed analyses are provided for the accurate analysis of IGC data, however no systematic work to investigate the importance of sample preparation is reported. This work deals with two important aspects of IGC experiments focusing on the column preparation. The rst deals with the silanised glass wool used in the packing of IGC columns. The second examines the effect of column packing pattern. The experimental data presented are rationalised by the ndings from modelling approach.
Experimental methods
The silanised glass wool used in the experiments was purchased from Sigma. Carbamazepine was purchased from Apollo Scientic, and was recrystallised from methanol. d-Mannitol was purchased from Sigma, and was recrystallised from a mixture of deionised water and ethanol. a-Lactose monohydrate was purchased from Sigma was also recrystallised in water.
The surface areas of the aforementioned materials were measured using two alkane probes, octane and nonane. The surface energy measurements were carried out using three alkane probes, octane, nonane, and decane; at surface coverages ranging from 0.003 to 0.1. The study did not expand to higher values of surface coverage to avoid encountering complexities associated with the effects of lateral interaction which increase with increasing surface coverage. The Schultz approach was used to determine surface energy at individual values of surface coverage, with the R 2 agreement being greater than 0.999. 
Results and discussion

Inuence of silanised glass wool
Silanised glass wool, a commercially available brous, amorphous material, is used to pack materials in IGC columns, and to ensure no powder movement during measurements. Despite the fact that this material carries some surface energy, inu-encing the measurements, a reliable source addressing a code of practice for its application does not exist. Thus, a simple set of experiments was developed in order to study how the packing material inuences IGC measurements. The surface area of the silanised glass wool was determined, as mentioned in the Experimental methods section, to be about 0.27 AE 0.02 m 2 g À1 and then its surface energy was measured.
The next step was to measure the surface energy of a-lactose monohydrate sample. About 2.5 g of a-lactose monohydrate were packed with about 0.1 g of silanised glass wool and measurements of surface area (found to be about 0.4 m 2 g
À1
) and surface energy were conducted. This measurement constitutes the baseline for a-lactose monohydrate and in the following experiments silanised glass wool was added in addition to this 0.1 g. Inarguably, this minor addition of silanised glass wool can, theoretically, inuence the data. Nonetheless, it would become clear from the in silico experiments, presented later on in this section, that such an amount of silanised glass wool, packed with a material like a-lactose monohydrate, does not have a measurable impact in the measurement. The surface energy distributions was determined, using a multi-solvent system site lling model based on Boltzmann statistical distribution, under the assumption that it comprises from the sum of four Gaussian distributions, each one at a different ratio, each one representing an adsorption site of different surface energy (please refer to the ESI † for a detailed description of the approach). 30 The measurements of the properties of pure silanised glass wool and almost pure a-lactose monohydrate would be the basis for the development of an approach to determine the importance of silanised glass wool in IGC measurements.
The next step was to pack silanised glass wool (W) and alactose monohydrate (L) at a series of surface area ratios (the ratio of the surface area of the silanised glass wool to the surface area of the a-lactose monohydrate baseline), L : W ¼ 1 : 2, 1 : 1, 2 : 1, 4 : 1. The mixtures were examined and the curves of dispersive surface energy as a function of surface coverage are shown in Fig. 1 for these samples. It is important to note that the two baseline measurements act as the boundaries, a-lactose monohydrate is the higher boundary while silanised glass wool is the lower boundary. Data for all mixtures lie in-between the two boundaries. Considering that the surface area of the silanised glass wool is about 65% of the a-lactose monohydrate and that the silanised glass wool is brous in nature, an experienced IGC operator would immediately realise that the amount of silanised glass wool used in the aforementioned mixtures is much higher than the amount is frequently used. This was done intentionally in order to examine the limits of silanised glass wool inuence. The surface energy of the mixtures of silanised glass wool with a-lactose monohydrate was measured. It is important to clarify, that for the calculation of the surface coverage, only the a-lactose monohydrate content was taken in account. The reason for this was to highlight the erroneous result associated from the use of excess amount of silanised glass wool.
Using computational modelling, it was possible to predict the surface energy distributions of samples. 32, 33 For the purposes of the simulations, the surface area was now adjusted. For example, in the L : W ¼ 1 : 1 mixture the actual surface area was double the surface area introduced in the chromatograph's soware. The theoretical surface energy distributions was determined by appropriate combinations of the surface energy distributions of a-lactose monohydrate and silanised glass wool. For example for the 1 : 1 situation the predicted distribution was calculated by multiplying the distributions of the two individual components (silanised glass wool and a-lactose monohydrate) by a factor of 0.5 and then adding them together. In Fig. 2 , the theoretical surface energy distributions are shown, along with the distributions predicted by the models for two of the mixtures. Direct comparison of the two distributions revealed good agreement between the theoretical and the predicted distributions. This indicates the validity of the adsorption model used. It also signies that no solid-solid interfaces are associated with the addition of excess amount of silanised glass wool. To account for the statistical signicance of silanised glass wool's surface area, the deviation in the measured surface energy at every value of surface coverage was calculated as follow:
where a-lactose stands for the baseline a-lactose monohydrate column and sample x for the rest of the columns. Then the largest value of Dg d coverage x was determined and plotted against the corresponding ratio of surface area of material to the total surface area (i.e. the surface area of the material plus the surface area of the silanised glass wool), resulting in Fig. 3 . Considering that the delity of the equipment is about 1 mJ m
À2
, it is clear that even when the a-lactose monohydrate surface area to silanised glass wool surface area ratio is 4 : 1, the deviation can be up to three times larger than the deviation of the equipment.
Computational modelling is used to extend the applicability of the notions described up to here. Six model materials with a wide range of surface energies were simulated. The surface energy distributions of these materials are shown in Fig. 4 . The same procedure for the calculation of the maximum deviation was employed and the results are shown in Fig. 3 . The most intrinsic nding of this analysis is that the materials can be categorised in three main categories. The rst one includes Materials 1 and 2, which have surface energy quite smaller than silanised glass wool (g d < 30 mJ m À2 ), like polytetrauoro-ethylene. These materials should be in quantities much larger than silanised glass wool because, as it can be seen from Since the surface energy of these materials is similar to this of the silanised glass wool, the effects of silanised wool are masked and cannot be determined easily. The last category includes Material 5 and 6, which have high surface energy (g d > 50 mJ m À2 ). The high energy of the majority of adsorption sites eliminates the effects of silanised wool and even if the surface area of silanised glass wool is equal to the surface area of the material the deviations in measurement is close to equipment's standard deviation. Adsorption phenomena are highly nonlinear and they are strongly inuenced by the material's heterogeneity thus, it is not sensible to attempt to construct a universal contour map predicting variations in measurements from the rst principles. The ndings of the silanised wool section are important as they highlight the need for complimentary techniques in surface energy measurements. In order for an IGC operator to select the optimum amount of silanised wool for a specic material, prior knowledge of the order of magnitude of surface energy is required. Furthermore, the importance of this section is that it provides with numerical data for the surface energetics of silanised wool which can be used in the design of experiments. Finally, the computational framework described can be used as a tool for researchers to assess previous measurements in the light of the ndings of this paper.
Effects of packing
Mixtures of carbamazepine and d-mannitol were used in this study. The materials were prepared as described in the Experimental methods section. Their surface area was found to be quite similar (about 0.35 m 2 g À1 ). Chromatographic columns were packed, using four different ways, with the aforementioned materials, at a 1 : 1 surface area ratio. The four different ways of packing are outlined in Table 1 . The surface energy of each of the columns was measured and the results were plotted in Fig. 5 . Similarly with the silanised glass wool analysis, the surface energy distributions of the two materials were calculated. As can be seen, there is not a large variation in the measured surface energy of the mixtures, indicating that the packing of the material does not inuence the IGC measurements. In addition, the deconvoluted surface energy distribution of the mixture agrees with the theoretically distribution predicted from the combination of the surface energy distributions of its constituent components. From a formulation perspective, this is a quite important nding. It indicates that the inuence of the solid-solid interfaces is negligible. Thus, no mechanical interlocking or particle coating is observed.
Monte Carlo simulations based on the works conducted by Smit 34 and Roma 35 were employed to analyse the experimental ndings from a modelling perspective since the deterministic Fig. 3 The deviation of the measurements at different loadings of silanised glass wool for the a-lactose monohydrate and the two simulated materials. codes developed for the determination of surface distributions are not able to deal with such phenomena. The simulations were done on a 500 Â 500 square lattice. Three different types of lattices were used: (a) Physical mixture lattice: the adsorption sites predicted by the energy distributions are allocated randomly throughout the lattice.
(b) The two side lattice (corresponding to Janus packing): in this case the lattice was divided in two sections each with dimensions 500 Â 250, the adsorption sites for carbamazepine were distributed on one side and those for d-mannitol were distributed on the other side.
(c) The zebra lattice: it is similar with (b), but it has six sections each with dimension 500 Â 83 (apart from one which is 500 Â 84).
The results obtained, from the Monte Carlo simulations, for the experienced surface energy for octane and decane are shown in Fig. 6 . The systems behave similarly in all three lattices meaning that no signicant differences are identied for different lattice arrangements (within 5%). This is in agreement Table 1 Outline of the packing configurations used; in the schematic carbamazepine is shown with yellow color, d-mannitol is shown with blue color, and the physical mixture of the two is shown with green color with the experimental ndings for the inuence of packing structure.
Conclusions
A combination of experimental and computational approaches was applied to investigate the inuence of the amount of silanised glass wool and of column packing patterns on IGC measurements. For the case of silanised glass wool the surface energy of the material was examined using IGC measurements and computational models. The recommendation is that care should be taken especially for low surface area and/or low surface energy materials. The presented data could be used for guidance to determine how much material or wool should be packed in the chromatographic column and the computational models provide a versatile toolbox guiding researchers in the selection of the appropriate amount of silanised glass wool. In addition, it was shown that the packing of mixtures of particulate materials does not signicantly inuence the experimental data and the surface energy results. All the experimental measurements were supported by state-of-the-art computational approaches, highlighting the importance of in-depth computational analysis of IGC data. This study veries IGC as a powerful characterisation technique able to detect even small variations in surface energy between different samples.
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